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Abstract Long-term persistence of West Nile virus
(WNYV) infection within vertebrate reservoir hosts is a
potential mechanism for overwintering of this (and other)
arbovirus(es) at temperate latitudes. The house sparrow
(Passer domesticus), an established amplifying host for
WNYV and other arboviruses, was used as a model to con-
firm chronicity of WNV infection in passerine birds and to
evaluate the feasibility of two overwintering mechanisms:
blood-borne infection of arthropod vectors (recrudescence)
and oral infection of vertebrate reservoir hosts (ingestion
of infected tissues through predation). WNV-inoculated
sparrows were monitored for persistent infection for up to
2 years. Infectious virus persisted in tissues through
43 days, but not in sera beyond 6 days. Viral RNA per-
sisted in tissues through 65 days. Chronicity of WNV
infection in some tissues, but not blood, supports the
predation mechanism of WNV overwintering, but not
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recrudescence. RNA persistence impacts interpretation and
etiologic determination of avian mortality.

Introduction

Viral persistence, here defined as the continued presence
of infectious virus in vertebrate hosts beyond the acute
viremic stage, has been documented for most families of
arboviruses [18]. This phenomenon may have implications
for the maintenance and reinitiation of virus transmission
cycles in nature. In temperate regions, extended periods of
mosquito inactivity interfere with the continuous trans-
mission of mosquito-borne viruses [30]. Overwintering
strategies for these viruses include hibernation of infected
adult female mosquitoes, transovarial transmission from
female mosquitoes to their offspring, and reintroduction
through movement of infectious vectors and/or vertebrate
amplifying hosts from warmer climates [29]. Persistently
infected vertebrate hosts have not yet been directly linked
to an overwintering strategy for any arbovirus.

The overwintering mechanisms of West Nile virus
(WNV; family Flavivirus, genus Flaviviridae) are still not
fully understood, though WNV has been detected in
overwintering mosquitoes in New York, Connecticut, and
Utah [1, 22, 27]. However, WNV infection in overwin-
tering mosquitoes is rare in nature [4, 8, 26, 32, 36]. The
recovery of infectious WNV from the brain of a hawk in
New York in February, a period of mosquito inactivity,
raised questions as to potential persistent infection within
the hawk, or alternatively, oral transmission to the hawk
via consumption of persistently infected prey, probably a
rodent or bird [10]. Further evidence of a non-mosquito
source of transmission during cold periods in a temperate
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region, again New York, was the detection of lethal
infections among communally roosting crows [6]. The
principal mechanism for annual spring emergence and
reinitiation of WNV transmission remains unknown.

The house sparrow (Passer domesticus) has been
implicated as an important amplifying host in the epizootic
cycles of numerous arboviruses in the United States, e.g.,
eastern equine encephalitis, St. Louis encephalitis (SLEV),
and western equine encephalitis viruses (WEEV) [17], and
may be important for the maintenance and local spread of
WNV. House sparrows are amplifying hosts of WNV and
are widespread and abundant throughout North America,
where they have demonstrated high seroprevalence rates in
numerous regions [12, 14-16]. WNV RNA was detected
more than 6 weeks post-infection in tissues from a small
sample of experimentally inoculated house sparrows [32].
Therefore, we hypothesized that such infections in house
sparrows could be important for overwintering of WNV.
To confirm and expand previous observations, we inocu-
lated sparrows with WNV and monitored their infection
status for up to 65 days in juveniles, and 2 years in adults.

Materials and methods
Husbandry and initial sampling

Adult house sparrows were collected by mist net in
northern Colorado in January and February of 2005. Birds
were bled via jugular venipuncture upon arrival to assess
WNV serostatus and then housed free-flight in a 12.12 m
long (L) x 3.24 m wide (W) x 2.57 m high (H) room
provided with sand and water baths, and branches and
ropes for perching. Cuttlefish bone, fresh water, and food
were available at all times; food consisted of a dry mix
with equal parts of millet, milo, cracked corn, cracked
sunflower seed, and oats. Dry food was supplemented with
live mealworms 1-2 times a week.

These captive sparrows bred in 2007, after which 36
offspring were separated from the flock at approximately
2—-4 months of age and housed within cages [0.61 m (L) x
0.383 m (H) x 0.41 m (W) or 0.76 m (L) x 0.43 m(H) x
0.46 m (W); 2-6 birds per cage]. Juveniles were inde-
pendent and fully developed when separated, and were fed
the adult diet plus cooked egg and mealworm pupae
ad libitum. Sparrows were acclimated to captivity and/or
caged housing for days to weeks prior to experimental
inoculation.

Inoculation and sampling of sparrows

All sparrows were bled just prior to WNV inoculation
for confirmation of WNV seronegative status. Both
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seronegative adults (n = 115) and juveniles (n = 35) were
needle-inoculated subcutaneously over the chest with
between 1,000-4,000 PFU of WNV strain NY99-4132
administered in 0.1 ml BA1 (M199-Hank’s salts, 1%
bovine serum albumin, 350 mg/l sodium bicarbonate, 100
units/ml penicillin, 100 pg/ml streptomycin, and 2.5 pg/ml
amphotericin B in 0.05 M Tris, pH 7.6). Adults were
inoculated in April 2005, and juveniles in November 2007.
Twenty seronegative adults and one seronegative juvenile
were kept as non-infected controls. Anti-WNV antibody
status was confirmed in all sparrows surviving to 1 month
post-inoculation (PI), including non-inoculated control
Sparrows.

Sparrows exhibiting signs of morbidity, such as leth-
argy, anorexia, and/or fluffed feathers, were humanely
euthanized via sodium pentobarbital overdose administered
intravenously. Carcasses of sparrows that died or were
euthanized due to morbidity within 8 days of inoculation
(n = 11 adults and 8 juveniles) were immediately nec-
ropsied or refrigerated and necropsied within 12 h. Tissue
and swab samples were also collected opportunistically
from adult sparrows that died or were euthanized due to
clinical illness (n = 10) between 30 and 354 days PI. At
necropsy, oral and cloacal swabs and tissues were col-
lected, including skin (from breast), pectoral muscle, heart,
liver, lung, spleen, small intestine, kidney, and cerebrum
from all birds, plus breast feathers from juveniles.

The post-inoculation sampling scheme for adult spar-
rows that survived acute infection (>8 days PI) included
collection of oral swabs from 104 adult sparrows at
1 month PI (plus 20 non-inoculated controls), 98 adults
(plus 19 non-inoculated controls) at 6 months PI, and 20
previously inoculated birds at each time point of 12, 18,
and 24 months PI. In addition, all adults were bled at 1, 6,
12, 18, and 24 months PI to confirm WNV seropositive
status. Three adults were sacrificed at each of these time
points, followed by necropsy and sample collection as
described previously.

The post-inoculation sampling scheme for the 27
juvenile sparrows that survived acute infection plus one
negative control was as follows: sera and oral and cloacal
swabs were collected every 3 days from 3 to 30 days PI, at
which time 14 birds were euthanized (including the nega-
tive control). Thereafter, the 14 remaining sparrows were
bled and swabbed weekly and euthanized on 65 days PI.

Sample processing and storage

For juvenile sparrows, 0.1 ml of blood was placed into a
cryovial containing 0.45 ml of BAl medium for an
approximate 1:10 serum dilution, held at room temperature
for approximately 20—30 min for coagulation, and centri-
fuged at 2,000g for 10 min. A portion of each sample was
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stored at 4°C and tested within 24 h by Vero cell plaque
assay to avoid a freeze-thaw cycle prior to testing, while
the remainder was frozen to —80°C for testing by reverse
transcriptase-polymerase chain reaction (RT-PCR) within
1 month.

For adult sparrows, blood samples were placed undi-
luted into serum separator tubes, held at room temperature
for approximately 1 h, and centrifuged at 16,000g for
3 min. The sera were stored at —20°C.

Oral and cloacal cavities were sampled by passing cot-
ton-tipped swabs across mucosal surfaces, after which
swabs were placed into 1 ml BA1 medium. Swabs from
juveniles were aliquotted and stored as for diluted serum
samples, while those from adults were stored at —80°C
until testing.

Upon necropsy, tissue samples were weighed and placed
into cryovials containing 1 ml of BAl medium with 20%
FBS as a 10% tissue suspension (except for spleen, which
was at an approximate 5% tissue suspension). A single
copper-coated steel 4.5 mm ball bearing (“BB”) was
added to each cryovial, and tissue samples were homog-
enized in a mixer mill (Retsch GmbH, Haan, Germany)
for 5 min at 25 cycles/s and homogenates were clarified
by centrifugation (16,000g for 3 min). Swab and tissue
supernatants from adults were stored at —80°C, while
swabs from juveniles were handled as described for live
bird samples. Tissue homogenates from juveniles were
pooled into three aliquots for testing by RT-PCR as fol-
lows: kidney, spleen, small intestine and liver; skin, feather
and muscle; and heart, lung and brain. Tissues from all
positive pools were tested individually. Tissues collected
from juveniles at 30- and 65-days PI (gastrointestinal tract,
brain, liver, heart, lung, kidneys, and breast skin) were
placed into 10% neutral buffered formalin for 24 h, and
then into 70% ethanol until processing for histopathology.

Virus isolation and quantification

Plaque assays were performed to assess and quantify
infectious WNV [5]. Briefly, Vero cell monolayers in
6-well plates were inoculated in duplicate with 0.1 ml of
sample per well. After 1 h of incubation at 37°C, the cells
were overlaid with 3 ml/well of 0.5% agarose (in a yeast
extract-lactalbumin overlay medium supplemented with
2,240 mg/1 sodium bicarbonate, 292 mg/I L-glutamine, and
antibiotics as with BAIl). Two days later, cells were
overlaid with 0.5% agarose in overlay medium, with
0.004% neutral red dye (Sigma, St. Louis, MO, USA).
Viral plaques were counted on the 3rd and 4th days of
incubation. Samples tested by plaque assay from juveniles
included serially collected oral and cloacal swab and serum
samples as well as oral and cloacal swab, heart, kidney,
spleen, brain, feathers, skin, skeletal muscle, liver, lung,

and intestine collected at necropsy. Samples from adults
included oral swabs collected at serial time points as well
as oral swab, heart, kidney, spleen, and brain collected at
necropsy. Minimum levels of WNV detection by plaque
assay were 107 log PFU/ml for serum, 10%7 log PFU/
swab, and 10" PFU/g for tissues. Viral plaques detected
by Vero plaque assay were confirmed by reisolation from
the original sample, and identified as WNV by VecTest
WNV Antigen Assay (VecTest; Medical Analysis Systems,
Camarillo, CA, USA) [23] or by RT-PCR.

Serology

Sera collected from all birds just prior to inoculation, as
well as from adults and juveniles at approximately 1 month
PI and subsequent time points (6, 12, 18 and/or 24 months
PI for adults and 65 days PI for juveniles) were assessed for
WNV-neutralizing antibodies by plaque-reduction neutrali-
zation test (PRNT) [3]. Briefly, sera were heat-inactivated at
56°C for 30 min and then diluted 1:10 in BA1 medium with
a challenge dose of approximately 100 PFU of WNYV strain
NY99-4132, incubated at 37°C for 1 h, and tested imme-
diately by plaque assay as described above. Samples with
>90% neutralization at a 1:10 dilution were considered
anti-WNV antibody positive, while samples with <60%
neutralization were antibody negative (no neutralization
results fell between these criteria of 60-90%).

RT-PCR

Serum, swab, and tissue samples collected from juveniles
at >9 days PI were tested by RT-PCR. RT-PCR methods
for detection of WNV RNA followed those previously
described [19], except for use of the Viral RNA Minikit
(QIAGEN Inc., Valencia, CA, USA) for RNA extraction
and use of the Bio-Rad Icycler IQ™ Real-time Detection
system (Bio-Rad, Hercules, CA, USA) for cDNA amplifi-
cation. A Ct value of 36.5 or less was considered positive
for target sequence amplification, while values between of
36.5 and 37.5 were re-tested. Samples were screened with
one set of primers specific for the envelope protein of
WNV (genome positions were 1160 for forward primer,
1229 for reverse primer, and 1186 for probe) [19].

Immunohistochemistry (IHC)

Tissues (heart, lung, kidney, spleen, intestine, cerebrum,
and head skin with feathers removed) from convalescent
juveniles were embedded in paraffin, sectioned at 6 pm and
stained. Negative and positive control tissues for IHC were
obtained from a seronegative juvenile that was not inocu-
lated and from a juvenile that died within the acute phase
of infection (4 days PI), respectively. The methodology for
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IHC was adapted from a published protocol with minor
modifications [21]. The primary antibody used was WNV
B-956 diluted 1:500 in blocking solution. To minimize
non-specific staining, tissues were incubated for 30 min
with 0.15 M glycine in phosphate-buffered saline, follow-
ing the 1% H,O, incubation step. Endogenous biotin
binding was blocked using a kit from DAKO (Carpintaria,
CA, USA), and the blocking solution contained 0.2%
Tween-80 in addition to Tween-20 and normal serum.

Results
Morbidity and mortality

The majority of adult (90%; 104/115) and juvenile (77%;
27/35) sparrows inoculated with WNV survived beyond the
acute phase of infection.

Mortality after 8 days PI among inoculated adults
occurred on or near 30, 43, 105 (two individuals), 150, 160,
247, 280, 319, and 354 days PI. In nearly all cases, spar-
rows were found dead; however, one sparrow was
euthanized 43 days PI due to open mouth breathing and
lethargy; upon necropsy, an extensive space-occupying
lesion was evident within the coelomic cavity that histo-
logically revealed a ruptured spleen. Several sparrows had
gross evidence of blunt head trauma, another had hemor-
rhage within the gastrointestinal tract, and several had no
gross lesions. The carcasses of sparrows found dead on 160
and 343 days PI were desiccated and did not undergo
necropsy or sample collection. None of these convalescent
deaths were attributed to WNYV infection or appeared in
any way to reflect recrudescence of acute infection. No
juveniles died past 8 days PI.

West Nile virus shedding, viremia, and detection
in tissues among acute and fatal infections

Most juveniles (31/35; 88.6%) had detectable oral shedding
3 days PI with a mean concentration of 10*° PFU/swab
(samples with undetectable levels were considered zero in
calculating the mean). Forty percent of juveniles (14/35)
had detectable cloacal shedding 3 days PI, with an average
of 10*° PFU/swab. Of the juvenile sparrows that died
within 8 days PI, all swabs were positive for infectious
WNV, with titers ranging from 10*"~"° log PFU/oral swab
(includes juveniles and adults) and 10*°7 log PFU/
cloacal swab. Oral and cloacal shedding was rare in sur-
viving juveniles after 6 days PL

The mean peak viremia 3 days PI among juveniles that
died within 8 days of inoculation (n = 8) was 10°* PFU/ml
serum, while the mean peak viremia among survivors was
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10°° PFU/ml serum. WNV was not detected in serum
beyond 6 days PI.

All tissues from adults that died within 8 days of inoc-
ulation (n = 8) tested positive for WNV by plaque assay
with the exception of the spleen and brain of one bird tested
7 days PI, and the spleen of another tested 8 days PI. All
tissues from juveniles that died within 8 days of virus
inoculation were positive except for feathers of one bird.
The highest WNV titers in any juvenile sparrow were
in spleen (10”® PFU/g), brain (10”° PFU/g), kidney
(10°2 PFU/g), and liver (10°° PFU/g). Of birds that died
acutely, mean peak titers were generally higher in juveniles
than adults (n = 11) (oral swab: 10%? vs. 10°® PFU/swab;
heart: 10”° vs. 10%7 PFU/g; kidney: 10%® vs. 10> PFU/g;
spleen: 10”! vs. 105 PFU/g; brain: 10%° vs. 10’ PFU/g,
respectively).

West Nile virus persistent shedding and detection
in tissues

At 1 month PI, one of 104 (1.0%) adult sparrows had a low
titer of infectious WNV (10°7 PFU/swab) isolated from the
oral swab; this same sparrow was euthanized 43 days PI,
and WNV was isolated from the spleen (10*7 PFU/g).
WNV was not isolated from oral swabs of 98 sparrows
sampled at 6 months PI, or from any of 20 sparrows
sampled at each 12, 18, and 24 months PI. Similarly, no
virus was isolated from swabs or tissues of sparrows that
died between 30 and 354 days PI, or from the three birds
sacrificed at each time point of 6, 12, 18, or 24 months PL

Oral and cloacal shedding was detected during the
convalescent phase (>8 days PI) in four juveniles and one
adult up to 44 days PI (Table 1). Only two juveniles
and one adult had detectable oral or cloacal shedding of
infectious WNV during this phase, with low titers of
10°"7>° PFU/swab.

West Nile virus detection in tissues by RT-PCR occur-
red from most (12/13; 92.3%) juvenile sparrows euthanized
30 days PI, with skin (10/13; 76.9%), spleen, and kidney
(9/13 each; 69.2%) most frequently positive for viral RNA.
Low titers of WNV (10" PFU/g) were detected by plaque
assay in spleen and kidney of two different juveniles
euthanized 30 days PI. At 65 days PI, spleen and kidney of
one individual and kidney from another were positive by
RT-PCR (Table 1).

None of the tissues from juvenile sparrows euthanized at
30 or 65 days PI tested positive by IHC staining, and no
lesions were observed by microscopic examination.

Contact transmission from infected to negative control
sparrows was not detected, as determined by lack of viral
shedding and seroconversion among these control birds at
all subsequent sampling time points.
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Table 1 Detection of West Nile virus in swabs or tissues of house sparrows by RT-PCR or Vero plaque assay following experimental

inoculation
ID Age Days PI Detection method
Plaque assay® RT-PCR
30 Juvenile 12 Oral swab Oral swab
45 Juvenile 12 - Cloacal swab
58 Juvenile 15 Cloacal swab -
10 Juvenile 27 - Oral swab
Juvenile 30 - Kid, Spl, Liv, Ski, Mus, Hrt, Brn"
Juvenile 30 Spl Kid, Spl, Liv, Ski
19 Juvenile 30 - Kid, Ski, Lun
30 Juvenile 30 — Kid, Ski, Mus
31 Juvenile 30 - Spl
33 Juvenile 30 - Kid, Liv, Ski, Mus
40 Juvenile 30 Kid Kid, Spl, Liv, Ski, Mus, Brn
45 Juvenile 30 - Kid, Spl, Liv, Ski, Mus, Hrt, Brn, Fea
48 Juvenile 30 - Spl, Ski, Brn, Fea
57 Juvenile 30 - Kid, Spl, Ski, Mus, Hrt
58 Juvenile 30 - Kid, Spl, Ski, Mus, Hrt, Brn
60 Juvenile 30 - Spl, Liv, Lun
41° Adult 30 Oral swab -
41 Adult 43 Spl -
35 Juvenile 44 - Oral swab
10 Juvenile 65 - Kid, Spl
34 Juvenile 65 - Kid

2 Detection thresholds were 10°7 PFU/swab and 10”7 PFU/ml serum and per gram tissue
® Positive tissues included: Kidney (Kid), Spleen (Spl), Liver (Liv), Skin (Ski), Muscle (Mus), Heart (Hrt), Brain (Brn), Lung (Lun), and Feather

(Fea)
¢ Samples from sparrow 41 were not tested by RT-PCR

Anti-WNYV antibodies

All inoculated sparrows had anti-WNV antibodies by
1 month PI, and antibodies remained detectable at all
subsequent sampling time points. No non-inoculated
sparrows demonstrated evidence for anti-WNV antibodies
during the study.

Discussion

Arboviral persistence has been documented experimentally
within a variety of vertebrate hosts, including bats, snakes,
primates, and birds [18]. Persistent WNYV infections were
observed in blood of experimentally inoculated ducks [9]
and pigeons at approximately 100 days PI [34]. Relatively
high titers of infectious WNV (up to 10** PFU/0.5 cm?)
were detected in skin of several experimentally inoculated
birds at 14—15 days after mosquito inoculation [14]. WNV
was detected by RT-PCR in tissues (spleen, kidney, and
lung) of experimentally-inoculated passerine and columbid

birds at >6 weeks PI [32]. WNV persisted for up to
167 days PI in brains of experimentally inoculated rhesus
macaques (Macaca mulatta), though virus lacked cyto-
pathogenicity [28]. Infectious WNV was detected in the
urine of experimentally inoculated hamsters (Mesocricetus
auratus) for up to 247 days PI, with antigen visible in
kidneys by IHC [38]. Finally, persistent WNV infection
(35 days PI) was documented in mice that were deficient in
CDS8+ T cells, but not in wild-type mice [35], suggesting
that immunocompromised individuals may be more sus-
ceptible to persistent WNV infection. Evidence for
persistent infections of avian hosts in nature is limited [10,
20, 39], though avian carcasses have tested positive for
WNV RNA during winter periods in Texas and California
[32, 37]. Persistent infections of arboviruses in avian tis-
sues have been speculated to relapse, causing potentially
infectious viremia for blood-feeding vectors [29].
Persistent WNV infection was detected in several needle-
inoculated sparrows in the present study, confirming an
earlier observation by Reisen et al. [32] in which 41.5%
(34/82) of needle-inoculated individuals of six avian species
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had detectable WNV RNA at >6 weeks PI. The house
sparrow was among these species, of which 33.3% (3/9)
of individuals had positive tissues (spleen, lung, and/or
kidney), and one of these sparrows had RT-PCR-positive
serum. Infectious WNV was recovered from a portion of
RNA-positive tissue samples; tissue samples were passaged
through C6/36 Aedes albopictus (Skuse) cell culture prior to
Vero cell plaque assay to maximize infectious virus recov-
ery. Our results are in accordance with those of Reisen et al.
[32] and support the notion that detection of viral RNA
at chronic time points following initial infection is not
uncommon, especially in kidney, while the detection of
circulating WNV or RNA in serum appears much less
frequent. More rigorous detection methods such as those
employed by Reisen et al. and others (e.g., cocultivation
of kidney tissue) [32, 38] increase the likelihood of recov-
ering infectious virus. On the other hand, RT-PCR is
a common method used in diagnostics and surveillance
for acute infections. However, as with acute infections,
chronic infections in birds may result in the detection of
WNV RNA.

The potential health effects of low levels of WNV in
vertebrate tissues remain unknown. The observation of low
levels of WNV or viral RNA in a tissue or swab sample
may not provide an accurate diagnosis in a diseased bird. A
bird with viral RNA in tissues or swabs may have died
from a primary cause unrelated to persistent WNV infec-
tion. Such carcasses would not reflect current WNV
transmission, an important consideration for surveillance
[32]. In Colorado, low levels of infectious WNV were
detected in avian carcasses of species not commonly
believed to suffer WNV-associated morbidity or mortality,
such as rock pigeons (Columba livia) and mourning doves
(Zenaida macroura) [11, 23].

Overwintering of WNV continues to be an enigma.
Survival of infected mosquitoes is one means, but persis-
tently infected vertebrate hosts may also lead to viral
maintenance, although the occurrence of the latter in nature
has not been shown. Persistent WNV infection may lead to
relapse and viral recrudescence in birds due to intrinsic
factors within the bird (e.g., reproduction, molt, migration)
or extrinsic factors in the environment (e.g., poor food or
habitat availability, adverse environmental conditions).
Recrudescence from persistent infection is likely associ-
ated with decay of humoral immunity below a certain
protection threshold, allowing recurrence of viremia to
titers infectious to vectors [29-31]. Whereas we found
evidence for persistent infection in tissues through detec-
tion of RNA, we were unable to detect relapse of viremia;
therefore, our data do not support the recrudescence theory.
While antibodies to WNV are protective and long-lasting
in some birds [25], their presence does not exclude the
possibility of relapse of WNV infection within tissues
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[7, 33]. In addition, the potential for viral recrudescence
following immunosuppression was studied by inoculating
cyclophosphamide-treated house finches (Carpodacus
mexicanus) with either WEEV or SLEV. Immunosup-
pression did not lead to relapses in infectious viremia [33].
Finally, persistent WNV in prey animals, including birds,
may lead to oral transmission to predatory birds and other
animals during times of interrupted mosquito activity [2,
10, 13, 14, 24]. Our data support the predation theory of
overwintering through the detection of WNV-RNA-posi-
tive tissues beyond the acute phase of infection. Efforts
should continue to characterize the occurrence of persistent
viral infections in birds and other vertebrates and to
understand the significance of this phenomenon in nature.
Whether consumption of prey animals with persistent
WNV RNA in tissues can lead to transmission and active
infection in predators warrants additional investigation.
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